Abstract Preparation provided by visual location cues is known to speed up behavior. However, the role of concurrent saccades in response to visual cues remains unclear. In this study, participants performed a spatial precueing task by pressing one of four response keys with one of four fingers (two of each hand) while eye movements were monitored. Prior to the stimulus, we presented a neutral cue (baseline), a hand cue (corresponding to left vs. right positions), or a finger cue (corresponding to inner vs. outer positions). Participants either remained fixated on a central fixation point or moved their eyes freely. The results demonstrated that saccades during the cueing interval altered the pattern of cueing effects. Finger cueing trials in which saccades were spatially incompatible (vs. compatible) with the subsequently required manual response exhibited slower manual RTs. We propose that interference between saccades and manual responses affects manual motor preparation.
Preparation of an action usually improves performance (Rosenbaum, 1980) . In the finger-precueing task (Miller, 1982) , participants respond to visuospatial stimuli with spatially corresponding responses from index and middle fingers of both hands placed adjacently. At the beginning of a trial, a warning stimulus (four horizontally arranged plus signs) indicates four possible stimulus locations. Then, a precue (two plus signs) of variable duration (preparation time) indicates two possible locations of the subsequent imperative stimulus (one plus sign). Thus, the precue transforms the original four-choice response task into a two-choice task.
Usually, four experimental conditions are distinguished. In the hand-cued condition, the precue corresponds to two fingers of the same hand (e.g., right index and middle finger). In the finger-cued condition, the precue corresponds to the same finger of different hands (e.g., left and right index finger). In the neither-cued condition, the precue corresponds to different fingers of different hands (e.g., left middle finger and right index finger). In a baseline condition the "precue" is identical to the warning stimulus, leaving the original four-choice task unaltered. The effectiveness of the precue is inferred from the response time (RT) advantage of the precue conditions relative to baseline (Hick, 1952; Hyman, 1953) . When the preparation interval is below 1,500 ms, RTs typically indicate that hand precues are most effective (i.e., the "hand advantage"), followed by finger and neither precues (e.g., Reeve & Proctor, 1990) .
Several explanations for the hand advantage have been proposed (Miller, 1982; Reeve & Proctor, 1990) , which have been incorporated in a compound, multi-factor model, the Grouping Model (Adam, Hommel, & Umiltà, 2003 , 2005 Adam & Pratt, 2004 . According to this model, Gestalt factors and inter-response dependencies mediate the formation of stimulus and response subgroups. Whereas hand cues (forming a perceptually and motorically strongly organized subgroup) are supposed to automatically activate the corresponding response subgroup, finger cues are assumed to involve slower, effortful processes to break up the automatically generated associations between stimulus and response subgroups.
An alternative interpretation of the hand advantage focuses on the idea that the spatial layout of the precues may cause shifts of visual attention and eye movements. Since it is well known that sudden on-/offsets of peripheral stimuli typically trigger saccades (e.g., Belopolsky & Theeuwes, 2009; Findlay & Walker, 1999; Yantis, 2005) , it appears possible that eye movement responses may interfere with the manual responses. In this view, the unilateral hand precues would trigger saccades that spatially correspond to the required manual response. Finger precues, however, involve bilateral stimulation, so that saccades will equally likely be directed to either side, resulting in saccades that are spatially compatible or incompatible with the manual response. The influential premotor theory of attention (Rizzolatti, Riggio, Dascola & Umilta, 1987 ) maintains that it is not possible to perform a saccade without a coordinate movement of spatial attention. Thus, whenever a saccade is directed in one direction and spatial attention (required to execute a manual response) in the opposite direction, performance deficits might arise. For example, recently we showed that the execution of spatially incompatible saccades and manual responses caused severe dual-task costs (Huestegge & Koch, 2009 ).
The first aim of the present study is to test whether the probability of executing saccades during response preparation varies as a function of cue type. In particular, most saccades should occur in the hand-cued condition (due to unilateral precues), followed by the finger-cued condition (ambivalence of potential saccade directions due to bilateral precues) and the baseline condition (fewest saccades due to lack of display changes). As a second aim, we asked whether saccade execution modulates precueing effects by having participants either move their eyes freely or remain fixated. In particular, we explicitly test in the free viewing condition whether manual RTs in finger cueing trials are prolonged when spatially incompatible (vs. compatible) saccades occurred.
Method

Participants
Sixteen participants with normal or corrected-to-normal vision took part in the study (eight female and eight male, mean age = 24, SD = 3.4). They received money or course credits, and gave their informed consent.
Stimuli and apparatus
Participants were seated 67 cm in front of a 21" cathode ray monitor (temporal resolution: 100 Hz; spatial resolution: 1,240 × 1,068 pixels). The keyboard spacebar was used during calibration. Four keyboard keys served as response keys (Right-Ctrl, Right-Alt for the middle and index finger of the left hand, and Left-Arrow, RightArrow for the index and middle finger of the right hand, respectively). Saccades of the right eye were registered using a head-mounted Eyelink II infrared reflection system (SR Research, Canada) with a temporal resolution of 500 Hz and a spatial resolution < 0.022°. A chin rest minimized head movements.
A small green fixation point in the middle of the screen was present throughout the experiment. Stimuli were plus signs of 1°visual angle each. The stimulus display subsequently consisted of a warning stimulus, a precueing stimulus, and an imperative stimulus, all of which were arranged horizontally on the central line of the monitor. While most finger-precueing studies utilize separate rows to present the three stimuli types, the present setup was also successfully implemented in previous research (see Moresi et al., 2008) and offers the advantage of a more accurate horizontal (as compared to vertical) eye movement measurement.
Procedure and design
Figure 1 depicts a schematic trial sequence. The warning stimulus was a row of four plus signs, separated by 4°. After 750 ms, the precue (hand cue: the two left vs. right plus signs, finger cue: the two inner vs. outer plus signs) replaced the warning stimulus for either 100 ms or 500 ms (preparation interval, equally distributed across trials), followed by the imperative stimulus (one of the two plus signs from the precue), which remained for 2,000 ms. The participants' task was to respond as quickly as possible to the position of the imperative stimulus by pressing the spatially corresponding key. In the baseline condition, all four plus signs remained present during the preparation interval. Finger cue, hand cue, and baseline conditions appeared equally often.
Each participant completed eight blocks of 30 trials each in a free viewing condition, in which participants were allowed to move their eyes freely. Another eight blocks of 30 trials each were completed in a remain-fixated condition, in which participants remained fixated on the small dot at the screen center. The sequence of fixation conditions was counterbalanced across participants. Within each block, experimental trials were presented in randomized sequence. Prior to each block, participants underwent calibration. Prior to the experiment, 30 practice trials were administered.
The variables of cueing condition (hand-cued, finger-cued, baseline), preparation interval (100 ms vs. 500 ms), and fixation condition (free vieweing vs. remain fixated) were manipulated intraindividually. We measured manual RTs, errors, and the occurrence of saccades (with a minimal amplitude of >1.5°) during the cueing interval. To account for the delay between the point of no return of saccade initiation and the onset of each saccade (e.g., Findlay & Walker, 1999) , we did not include saccades within the first 50 ms during the preparation interval, but included saccades initiated up to 50 ms after the termination of the preparation interval.
Results
In the remain-fixated condition erroneous saccades (with an amplitude of >1°) occurred in 5.8% of trials. These trials were excluded from further analyses. Fig. 1 Schematic representation of a trial sequence (upper part: hand precueing condition, lower part: finger precueing condition). In the baseline condition (not depicted), the precue is identical to the warning stimulus
benefits (for the hand-and finger-cued conditions relative to the baseline condition) for the 500-ms than for the 100-ms preparation interval. There was no significant interaction of fixation condition and cueing interval, and no significant three-way interaction, both F < 1.
Effects of fixation condition on hand and finger cueing effects To further qualify the interaction between cueing condition and fixation condition, we conducted two separate three-way ANOVAs. The first ANOVA differed from the above-reported ANOVA in that the cueing condition variable only included the "hand cued" and "baseline" conditions. The corresponding interaction of fixation condition and cueing condition was not significant, F < 1. The second ANOVA only included the "finger cued" and "baseline" condition, and resulted in a significant interaction of fixation condition and cueing condition, F(1, 15) = 6.85, p = .019, h 2 p ¼ :31. Taken together, these analyses indicate that only the finger cueing advantage (relative to baseline) was modulated by fixation condition, whereas the hand cueing advantage remained unaffected.
A closer inspection of the remain fixated condition showed that RTs for hand cueing and finger cueing were not significantly different in the 500-ms cueing interval (458 ms vs. 465 ms, t < 1), but were so in the 100-ms cueing interval (516 ms vs. 538 ms, t(15) = 4.25, p = .001), indicating that the suppression of saccades did not fully eliminate RT differences between hand cues and finger cues.
Manual errors
The overall mean manual error rate amounted to 2.6%, which was deemed too low to permit meaningful statistical analyses. Participants made the most errors in the finger-cued condition (3.9%), fewest in the hand-cued condition (1.8%), and an intermediate percentage of errors in the baseline condition (2.2%). Manual error rates across fixation conditions were virtually identical (2.6% for free viewing vs. 2.7% for remain fixated), as were manual error rates for the different preparation intervals (2.6% for 100-ms vs. 2.8% for 500-ms preparation interval).
Eye movement analyses The occurrence of eye movements was further analyzed during free viewing. A two-way ANOVA resulted in a significant main effect of cueing condition, F(2, 30) = 39.13, p < .001, h 2 p ¼ :72. More specifically, saccades occurred in 35.5% (SE = 2.9) of trials in the hand-cued condition, in 24.8% (SE = 3.6) of trials in the finger-cued condition, and in 15.6% (SE = 2.9) of trials in the baseline condition. There was also a significant main effect of preparation interval, F(1, 15) = 96.53, p < .001, h 2 p ¼ :87, indicating more saccades during the longer cueing interval (44.2%) compared to the shorter cueing interval (6.4%), and a significant two-way interaction, F(2, 30) = 46.17, p < .001, h 2 p ¼ :76, indicating a stronger effect of cueing condition for the 500-ms preparation interval compared to the 100-ms preparation interval. Post-hoc t-tests revealed that for the 500-ms condition, there was a significant difference between the hand-cued (64.5%) and finger-cued (43.1%) conditions, t(15) = 4.91, p < .001, and between the finger-cued and baseline (25.0%) conditions, t(15) = 4.70, p < .001, whereas there were no corresponding differences in the 100-ms condition (overall M = 6.4%; both t < 1), probably due to the comparatively rare occurrence of saccades.
Effects of cross-modal response compatibility A final analysis tested whether the direction of the initial saccade during the preparation interval affected RTs. For this analysis, we only used the finger-cued condition, where visual changes occurred in both hemifields. We restricted our analysis to the 500-ms preparation interval condition, which contained a sufficiently large number of saccades. Importantly, trials in which saccade direction and subsequent key location were compatible yielded faster RTs than incompatible trials (442 ms, SE = 72 vs. 475 ms, SE = 76), t(15) = 2.18, p = .046, see Fig. 3 ). This key finding indicates that saccade direction during preparation in the finger-cued condition significantly affected subsequent manual RTs. Furthermore, finger-cued trials with compatible eye movements generated RTs that were similar to those generated by hand cues (i.e., 442 ms vs. 437 ms, t < 1), whereas finger-cued trials with incompatible saccades generated significantly longer RTs than those generated by hand cues (i.e., 475 ms vs. 437 ms, t(15) = 2.42, p = .029).
In hand-cued conditions saccades were usually directed towards the center between the two cueing stimuli (known as the "global effect," see Findlay & Walker, 1999) . Hence, here it was not possible to analyze effects of the correspondence between the fixated cueing stimulus and the imperative stimulus.
Discussion
The occurrence of saccades covaried with cue condition. When the time window was large enough for saccades to occur (500-ms preparation interval), we found the fewest saccades in the baseline condition (due to the lack of a display change), more saccades in the finger-cued condition, and the most saccades in the hand-cued condition. This pattern was expected, since hand cues unambiguously attract attention towards one single hemifield, whereas finger cues involve a display change in both hemifields, probably attenuating the occurrence of saccades. Importantly, the comparison of "free viewing" and "remain fixated" conditions revealed the key finding of this study, namely that the occurrence of saccades modulated precueing effects only in the finger cue condition. Given that the hand cue condition elicited most saccades, one might have expected an effect of fixation condition also on hand cues. However, this was not the case, indicating that the mere presence of saccades does not per se affect manual motor preparation. Instead, adverse effects appear to be specifically related to the spatial (in)congruency between saccades and manual responses.
The crucial role of spatial (in)congruency between saccades and manual responses was evident in the fingercueing condition during free viewing. Since participants could not know in advance where the imperative stimulus would appear, about half of the saccades during the preparation interval were directed into the opposite direction relative to the subsequent imperative stimulus (and corresponding manual response). These trials with spatially incompatible saccades substantially slowed down manual RTs (i.e., a robust interference effect of 33 ms), whereas RTs in compatible trials did not significantly differ from hand-cueing conditions. Thus, the advantage of hand cues (vs. finger cues) crucially seems to depend on cross-modal response interference, a finding that is well in line with previous research showing that spatially incompatible saccades and manual responses lead to considerable interference (Huestegge & Koch, 2009 , 2010a .
Interestingly, with the 100-ms preparation interval, there still was a RT difference between finger cues and hand cues in the remain-fixated condition, indicating that the suppression of saccades did not fully eliminate RT differences. However, it is possible that this remaining difference can be explained as an effect of some trials in which visual attention was covertly shifted into an incompatible direction relative to the manual response.
This explanation, as well as the overall data pattern, is by and large compatible with the premotor theory of attention (Rizzolatti et al., 1987; Rizzolatti, Riggio & Sheliga, 1994) , which maintains that covert spatial attention derives from the activation of brain maps engaged in sensorimotor transformation processes. More specifically, this activation is assumed to result in both an increase in the readiness to execute a motor response (e.g., a manual response) at a specific location and a facilitation of perceptual processing (allocation of covert and overt attention) at that location (see Huestegge & Koch, 2010b) . Importantly, motor responses and spatial attention here are not exclusively linked to the visual system, an assumption that is supported by empirical evidence for a spatial coupling of perception and action in other modalities, such as visual/auditory attention and manual movements (e.g., Castiello, 1996; Craighero, Fadiga, Rizzolatti, & Umiltà, 1999; Deubel, Schneider, & Paprotta, 1998; Eimer, van Velzen, Gherri, & Press, 2006; Tipper, Lortie, & Bayliss, 1992; Spence & Driver, 1996) . Thus, this framework provides a mechanism to explain why in the finger-cued condition it appears difficult to attend to one direction (during the preparation interval) while preparing a manual response in the opposite direction.
Taken together, the results suggest that beside stimulus and response grouping processes and corresponding mapping mechanisms (Adam et al., 2003 (Adam et al., , 2005 , cross-modal response interference between oculomotor and manual responses is another important factor that needs to be considered for explaining the hand cue advantage and manual motor preparation in general. However, the relative weight of these different explanatory sources can only be assessed in future research where the present manipulations are systematically combined with variables that affect perceptual and motor-based grouping processes. Finally, the study underlines the importance of eye movement analyses in manual response paradigms that involve spatially distributed visual stimulation (see also Buetti & Kerzel, 2010) .
